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To characterize a set of synthetic resins, a methodology
by pyrolysis-gas chromatography/mass spectrometry (Py-
GC/MS) has been developed. The studied reference
materials were commercial versions of a wide range of
synthetic resins. For each polymer, the pyrolytic and
chromatographic conditions were optimized to adequately
resolve the fragment mixture in a short time. The pro-
posed analytical method does not require previous treat-
ment of the sample, and due to its high sensitivity, only a
small sample quantity in the microgram range can be
used. The pyrolysis temperature was found to have little
effect on the obtained pyrograms. The summarized data
set for the individual polymer materials, especially the
characteristic fragments with a structure close to the
monomeric unit, was useful to identify commercial syn-
thetic resins. These materials were used in the art and
conservation field, as binding media, paint additives,
painting varnishes, coatings, or consolidants. Two case
studies are introduced where direct Py-GC/MS and
thermally assisted hydrolysis and methylation GC/MS
were applied on art objects: first, a modern gluing material
of a medieval reverse glass painting, and the second
example, the binding medium of a painting by Georg
Baselitz (“Senta”, 1992/1993) from the Sammlung Mod-
erne Kunst at the Pinakothek der Moderne, Munich.
Synthetic resins are a wide range of materials obtained by
polymerization of low-weight hydrocarbons,1-5 which were first
synthesized during the Industrial Revolution in the 19th century.
The history of synthetic polymers for artistic purposes began after
the invention of cellulose nitrate by Scho¨nbein and Bo¨ttger in 1846.
These days, synthetic polymers have tremendous importance in
modern contemporary art objects but also for the conservation/
restoration of archeological and art objects due to their excellent
physical properties and special functionalities.6 Their wide variety
of formulations make these materials very useful as binding and
retouching media, agglutinants, adhesives, consolidants, coating
materials, varnishes, or additions for missing parts of an object.
To identify and investigate synthetic resins in art objects is helpful,
e.g., in order to propose adequate preventive and active conserva-
tion/restoration treatments, to understand aging mechanisms, or
to differentiate between artists’ products of different manufactur-
ers. Analytical studies dealing with artworks are usually restricted
by the low sample amount available and often by the presence of
unknown and complex material compositions.
A large variety of synthetic resins have been used in the field
of artworks, which can be classified as addition polymers,
polycondensates, and polyadducts. In the case of addition poly-
mers, unsaturated monomers are linked with radical reactions to
polyolefins, poly(vinyl alcohol), poly(vinyl acetate), polyacrylates,
poly(ethylene oxide)s, and poly(vinyl chloride)s.1 In the group of
the polymers also early tar products, like cumaron resin, as well
as modern hydrocarbon resins2 are included. The polycondensate
polymers,suchaspolyester,alkyds,phenolresins,phenol-formaldehyde
resins, aldehyde resin, ketone formaldehyde resins, ketone resins,
and cellulose nitrate,1,2,4 are formed by chemical reaction between
functional groups. The main polyadduct polymers are polyure-
thanes and epoxide resins.
Fourier transform infrared spectroscopy (FT-IR) is successfully
employed to identify synthetic polymers in artworks.7,8 This
technique allows one to detect characteristic absorption bands of
synthetic polymers. However, the overlapping of the absorption
bands of the polymeric resins with those of other materials in
the sample can make difficult its identification.
As an alternative, pyrolysis-gas chromatography/mass spec-
trometry (Py-GC/MS) has been used to characterize synthetic
materials such as polymers or organic pigments used in art,
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archeology, and conservation.9-17 Several methodologies (direct
temperature resolved mass spectrometry, Py-GC/MS) have been
developed without any derivatization, i.e., pyrolysis can be applied
directly to the solid sample, avoiding previous treatments. Py-
GC/MS is based on the thermal breakage of the macromolecules
of the samples, and the obtained fragments can be separated by
gas chromatography and detected by mass spectrometry with high
sensitivity. Py-GC/MS provides a high sensitivity using a minimal
amount of sample (in the range of ca. 20-100 µg), and its
differentiation power allows one to detect fragments from various
organic materials in mixtures without interference. The mass
spectrometer identifies the compounds by their mass spectrum
and allows the differentiation of coeluted fragments. The charac-
terization of the polymers is then made by means of the identified
fragments, relating them to the structure of the polymer. Good
results with Py-GC/MS were achieved for most of the high
molecular weight polymers (e.g., polyacrylates and poly(vinyl
acetate)s10,13,14) and also some low molecular weight synthetic
resins (e.g., phenol resins,18 ketone resins,19 hydrocarbon resins).
The polymer fragments with polar groups can show resolution
problems on a nonpolar column; thus, many authors propose a
simultaneous derivatization reaction.10,15,20 Here a treatment with
TMAH (tetramethylammonium hydroxide) was chosen prior to
pyrolysis. Upon heating, the TMAH induces hydrolysis and,
simultaneously, leads to methylation of acidic compounds. Due
to this thermally assisted hydrolysis and methylation reactions
with TMAH all organic acids were methylated and good chro-
matographic separation was achieved. THM-GC/MS is a very
sensitive technique and has been successfully applied for identi-
fication of alkyd resins and drying oils.20-22
The aim of this work was to develop an analytical methodology
to characterize a wide range of synthetic resins. The proposed
methodology was based on direct Py-GC/MS and the THM-Py-
GC/MS procedure. The temperature of the pyrolysis in the
breakage of the macromolecules and the chromatographic condi-
tions were optimized for each kind of resin. The obtained
pyrograms were evaluated in order to identify the chromato-
graphic peaks by means of their corresponding mass spectrum,
especially from “marker” fragments with a structure similar to
the corresponding monomer. The studied standards were recent
and historic polymeric resins from the collection of the Doerner
Institut, in order to identify them as references for art and
conservation materials.
To give practical examples for the application of Py-GC/MS
on art objects, binding media analyses were carried out on two
samples from a modern painting by the German painter Georg
Baselitz, which was supposed to have been painted in acrylic paint.
Furthermore, a modern consolidation material from a 16th century
reverse glass object (Theodosia altar, Museum Catharijneconvent,
Utrecht) was analyzed.
EXPERIMENTAL SECTION
Reference Materials. Twenty-two synthetic resins were
selected for this study; their trade names, production date, and
characteristic pyrolytic fragments are listed in Table 1. These
polymers belong to the collection of artists’ materials of the
Doerner Institut, the institution in charge of the restoration,
conservation, care, and maintenance of the Bavarian State painting
collections. The somewhat arbitrary selection of historic and more
recent materials is mainly due to the history of the material
collection, but it comprises mainly synthetic resins which are
typically applied as binding media or additives, varnishes, retouch-
ing materials, consolidants, or coatings in artists’ and conservation
materials.
Instrumentation and Measurement Conditions. The analy-
ses were performed using the following instrumentation: a Curie-
point pyrolyzer Pyromat V.108 (GSG Mess- and Analysengera¨te,
Bruchsal, Germany), connected to a gas chromatograph 6890N
(Agilent), coupled to a quadrupole mass spectrometer MSD,
5975C inert mass (Agilent). Measurement conditions for the GC
were the following: capillary column DB5-ht (5% phenyl)meth-
ylpolysiloxane (length, 30 m; internal diameter, 250 µm; film
thickness, 0.1 µm); carrier gas helium running at a constant flow
of 1.2 mL min-1 (15 cm s-1); splitless injection.
The sample (ca. 50 µg) was introduced in a pyrolysis crucible
(Fe/Ni alloy, GSG Mess- and Analysengera¨te). Then the crucible
was fitted into a hollow glass cylinder, which was set up in the
pyrolyzer syringe. Pyrolysis was achieved by Curie-point method.
Crucibles for 590, 650, and 764 °C were used.
The pyrolysis chamber was held at 200 °C, and the pyrolysis
was achieved at a selected temperature for 10 s. Injection
temperature was adjusted to 250 °C, the initial temperature of the
oven was 50 °C, maintained for 2 min, then a 10 °C min-1 gradient
was applied to 320 °C (29 min). Ionization was performed under
standard conditions at 70 eV, with a voltage of 200 V. The
temperature of the source was adjusted at 250 °C, whereas the
temperature of the quadrupole was 100 °C. The mass spec-
trometer was scanned in the 42-550 m/z range.
For the alkyd resin and the Baselitz paint samples Py-GC/MS
was without derivatization, because the obtained pyrograms have
unsatisfactory resolution, mainly by the presence of fragments
with polar groups. Then complementary THM-GC/MS analyses
were undertaken. For thermally assisted hydrolysis and methy-
lation GC/MS a solution of 2.5% TMAH in methanol was added
(9) Scalarone, D.; Chiantore, O. The Use of Pyrolysis-GC/MS for the Identifica-
tion of Polymeric Constituents in Artworks, Museum and Collectible Design
Objects. Infrared Spectroscopy in Conservation Science; The Getty Conserva-
tion Institute: Los Angeles, CA, 1999; pp 90-104.
(10) Osete-Cortina, L.; Dome´nech-Carbo´, M. T. J. Chromatogr., A 2006, 1127,
228–236.
(11) Shedrinsky, A. M.; Grimaldi, D. A.; Boon, J. J.; Baer, N. S. J. Anal. Appl.
Pyrolysis 1993, 25, 77–95.
(12) Chiavari, G.; Ioele, M.; Prati, S.; Santopadre, P. Chromatographia 2002,
56, 763–767.
(13) Learner, T. Stud. Conserv. 2001, 46, 225–241.
(14) Learner, T. The Analysis of Synthetic Resins Found in Twentieth Century
Paint Media. In Resins Ancient and Modern; Swright, M. M., Townsend,
J. H., Eds.; Scottish Society for Conservation and Restoration Publications:
Edinburgh, Scotland, 1995.
(15) Cappitelli, F. J. Anal. Appl. Pyrolysis 2004, 71, 405–145.
(16) Chiantore, O.; Scalarone, D.; Learner, T. Int. J. Polym. Anal. Charact. 2003,
8, 67–71.
(17) Scalarone, D.; Chiantore, O. J. Sep. Sci. 2004, 27, 263–274.
(18) Casvacal, C. N; Rossu, D. Rev. Roum. Chim. 1991, 36, 1331–1335.
(19) Dome´nech-Carbo´, M. T.; Bitossi, G.; Osete-Cortina, L.; Yusa´-Marco, D. J.
J. Anal. Appl. Pyrolysis, in press; available online, DOI: 10.1016/
j.jaap.2008.11.013.
(20) Challinor, J. M. J. Anal. Appl. Pyrolysis 1991, 18, 233.
(21) Cappitelli, F.; Learner, T. Thermally assisted hydrolysis and methylation-
gas chromatography-mass spectrometry for the chemical characterization
of traditional and synthetic binders. In Preprints of the 13th Triennial
Meeting of the ICOM Committee for Conservation, Rio de Janeiro, Brazil,
2002; Vol. I, pp 231-237.
(22) Learner, T. The Analysis of Modern Paints; The Getty Conservation Institute:
Los Angeles, CA, 2004; pp 3853.
3181Analytical Chemistry, Vol. 81, No. 8, April 15, 2009
T
a
b
le
1
.I
n
ve
st
ig
a
te
d
S
yn
th
e
ti
c
R
e
si
n
s
w
it
h
M
a
n
u
fa
c
tu
re
r/
D
a
te
a
n
d
th
e
C
h
a
ra
c
te
ri
st
ic
F
ra
g
m
e
n
ts
D
e
te
c
te
d
th
ro
u
g
h
P
y-
G
C
/M
S
(a
n
d
T
H
M
-G
C
/M
S
)
w
it
h
T
h
e
ir
M
o
st
In
te
n
se
Io
n
s
in
th
e
M
a
ss
S
p
e
c
tr
u
m
a
n
d
th
e
R
e
sp
e
c
ti
ve
M
o
le
c
u
la
r
W
e
ig
h
t
(M
W
)
ch
em
ic
al
cl
as
s
pr
od
uc
t
na
m
e
m
an
uf
ac
tu
re
r
da
te
ch
ar
ac
te
ri
st
ic
fr
ag
m
en
ts
af
te
r
py
ro
ly
si
s
re
te
nt
io
n
tim
e
(m
in
)
m
os
t
in
te
ns
e
io
ns
(m
/z
)
M
W
(g
/m
ol
)
po
ly
ac
ry
la
te
sa
Pa
ra
lo
id
B
-7
2
R
oh
m
an
d
H
aa
s,
pr
ob
ab
ly
Fr
an
kf
ur
t
a.
M
.(
D
)
un
kn
ow
n
m
et
hy
la
cr
yl
at
e
M
A
2.
50
9
55
/4
2/
85
86
et
hy
lm
et
ha
cr
yl
at
e
E
M
A
3.
59
8
69
/8
6/
99
11
4
G
ol
de
n
A
cr
yl
ic
s
G
ol
de
n
A
rt
is
t
C
ol
or
s,
N
ew
B
er
lin
,N
Y
20
06
m
et
hy
lm
et
ha
cr
yl
at
e
M
M
A
3.
04
3
41
/6
9/
10
0
10
0
bu
ty
la
cr
yl
at
e
B
A
4.
75
8
55
/7
3/
85
12
8
is
ob
ut
yl
m
et
ha
cr
yl
at
e
5.
47
8
69
/5
6/
87
14
2
po
ly
st
yr
ol
a
K
ra
to
n
G
16
57
K
ra
to
n
Po
ly
m
er
s
LL
C
,
H
ou
st
on
,T
X
19
98
st
yr
en
e
4.
86
8
10
4/
78
/5
1
10
4
K
ra
to
n
G
16
50
to
lu
en
e
3.
53
8
91
/9
2
92
et
hy
lh
ex
en
e
3.
34
0
55
/7
0/
98
11
2
po
ly
(v
in
yl
ac
et
at
e)
s
a
M
ow
ili
th
20
H
oe
ch
st
A
G
(s
in
ce
19
97
C
la
ri
an
t)
,F
ra
nk
fu
rt
a.
M
.(
D
)
19
84
ac
et
ic
ac
id
3.
86
3
45
/6
0
60
M
ow
ili
th
30
ac
et
ic
ac
id
an
hy
dr
id
e
2.
83
1
43
/6
0
60
M
ow
ili
th
40
be
nz
en
e
2.
93
9
78
78
M
ow
ili
th
50
PV
A
c
A
Y
A
A
U
ni
on
C
ar
bi
de
C
or
p.
(s
in
ce
19
99
D
ow
C
he
m
ic
al
C
om
pa
ny
),
H
ou
st
on
,T
X
19
87
PV
A
c
A
Y
A
F
PV
A
c
A
Y
A
T
PV
A
c
A
Y
A
+
“P
al
m
er
C
em
en
t”
(c
on
ta
in
s
PV
A
c
A
Y
A
B
)
U
ni
on
C
ar
bi
de
C
or
p.
un
kn
ow
n
(b
ef
or
e
ca
.
19
80
)
hy
dr
at
ed
hy
dr
oc
ar
bo
n
re
si
na
A
rc
on
P-
90
A
ra
ka
w
a
C
he
m
ic
al
In
du
st
ri
es
,O
sa
ka
(J
ap
an
)
19
98
m
et
hy
lc
yc
lo
he
xa
ne
3.
21
8
83
/9
8/
55
98
he
xa
hy
dr
oi
nd
en
e
6.
17
3
79
/8
0/
93
/1
22
12
2
oc
ta
hy
dr
oi
nd
en
e
6.
31
3
81
/6
7/
96
/1
24
12
4
oc
ta
hy
dr
o-
m
et
ha
no
-in
de
ne
7.
08
6
95
/6
7/
13
6/
12
1
13
6
ea
rl
y
hy
dr
oc
ar
bo
n
re
si
ns
a
C
um
ar
on
re
si
n
un
kn
ow
n
un
kn
ow
n
(a
t
le
as
t
40
ye
ar
s
ol
d)
be
nz
of
ur
an
e
6.
40
6
11
8/
89
/9
0
11
8
al
ly
lb
en
ze
ne
5.
68
0
11
7/
11
8/
91
11
8
in
de
ne
7.
13
6
11
6/
11
5/
89
11
6
m
et
hy
lb
en
zo
fu
ra
n
7.
96
6
13
1/
13
2/
10
4
13
2
m
et
hy
lin
de
ne
8.
71
7
13
0/
11
5/
12
9
13
0
al
ky
d
re
si
nb
A
lk
yd
ha
rz
M
M
un
kn
ow
n,
tr
ad
ed
by
K
re
m
er
Pi
gm
en
te
,
A
ic
hs
te
tte
n
(D
)
be
fo
re
20
02
ph
th
al
ic
an
hy
dr
id
e
23
.2
24
10
4/
14
8
14
8
m
et
hy
lp
he
no
l
7.
31
8
10
7/
10
8/
77
10
8
di
m
et
hy
lp
he
no
l
8.
70
3
12
2/
10
7/
77
12
2
tr
im
et
hy
lp
he
no
l
9.
49
9
12
1/
13
6
13
6
ol
ei
c
ac
id
19
.9
01
55
/6
9/
83
28
0
TH
M
-G
C
/M
S
m
et
hy
lb
en
zo
at
e
4
.5
8
6
1
0
5
/1
3
6
1
3
6
pe
nt
ae
ry
th
ri
to
lte
tr
am
et
hy
le
th
er
6
.9
8
5
7
5
/1
2
8
1
9
2
pe
nt
ae
ry
th
ri
to
ltr
im
et
hy
le
th
er
7
.1
0
5
7
5
/8
5
/1
2
8
1
7
8
di
m
et
hy
lp
ht
ha
la
te
1
2
.2
8
5
1
6
3
/1
9
4
1
9
4
ol
ei
c
ac
id
(C
1
8
-1
)
1
5
.9
9
5
5
5
/6
9
/8
3
2
9
6
pa
lm
it
ic
ac
id
(C
1
6
)
1
4
.6
7
5
7
4
/8
7
/1
4
3
2
7
0
st
ea
ri
c
ac
id
(C
1
8
)
1
6
.1
8
5
7
4
/8
7
/1
4
3
2
9
8
lin
ol
ei
c
ac
id
(C
1
8
-2
)
1
5
.8
7
4
6
7
/8
1
/9
5
2
9
4
cy
cl
oh
ex
an
on
e
re
si
ns
b
A
W
2
B
A
SF
,L
ud
w
ig
sh
af
en
(D
)
be
fo
re
19
67
cy
cl
oh
ex
an
ol
4.
72
0
57
/8
2/
67
10
0
m
et
hy
lc
yc
lo
he
xa
no
l
5.
60
6
71
/8
1/
96
11
4
m
et
hy
lc
yc
lo
he
xa
no
ne
5.
67
9
69
/5
5/
11
2
11
2
3182 Analytical Chemistry, Vol. 81, No. 8, April 15, 2009
to the samples. After homogenization, the solution was left for 5
min, and then 10 µL was pyrolyzed under the conditions described
above. The derivatization is performed at the same temperature
of the pyrolysis.
Case Studies. Samples of the first case study origin from the
so-called Theodosia altar in the collection of the Museum Cathar-
ijneconvent, Utrecht (inv. no. ABMs 146.01-15). The altar, which
dates around 1545, is painted in reverse glass technique, and its
15 glass panels are attached in a wooden frame. The Theodosia
altar is currently in the focus of thorough art-technological
research,23 and in this context the conservation materials were
analyzed. During previous conservation treatments some parts of
the historical cement between the glass panels were replaced by
a modern polymer. For the ongoing restoration of the Theodosia
altar, this material was characterized by Py-GC/MS to predict its
aging behavior and to avoid further damages.
As a second case study two samples from the painting “Senta”
(inv. no. HST 1785) by the German painter Georg Baselitz, which
dates 1992/93 (see the Supporting Information), were analyzed
by Py-GC/MS and THM-GC/MS to identify binding medium
components. Georg Baselitz, who was born in Deutschbaselitz
(Saxony, Germany) in 1937, is considered as one of the most
important representatives of contemporary art in Germany. His
painting “Senta” was supposed to be carried out in acrylic paint,
but the source of this information found in the collection
management system was unclear and needed verification.
RESULTS AND DISCUSSION
Optimization of the Method. The influence of the tempera-
ture was studied by analysis of samples from each synthetic resin
at three different temperatures (590, 650, and 764 °C) and
comparing the fragments (structures and intensity) in the obtained
pyrograms. In general, for the majority of the studied synthetic
polymers similar results were found at all three temperatures. Only
differences were found for the following cases:
• In acrylate polymers, the fragmentation was depending on
the pyrolysis temperature. At 590 °C, a larger amount of
acrylate fragments was detected, and then this temperature was
taken as optimal for acrylic polymers analysis.
• Differences were also found for the Keton N cyclohexanone
resin, a BASF product. Pyrograms obtained for Keton N were
similar for 590 and 650 °C. At 764 °C a larger amount of ketonic
monomer fragments were found. Other compounds with cyclic
hydrocarbon-related structure (at retention times from 6.0 to
8.0 min) also showed a higher intensity. Nevertheless, the
relative amounts of high-weight fragments, which appear from
13.0 to 17.5 min, were found to be quite similar for the three
temperatures. It can be deduced that increasing the tempera-
ture to 764 °C favors the fragmentation of the polymer
providing compounds helpful for the characterization.11,24
These pyrolysis results are coherent with the production of
Keton N resin (between ca. 1960 and 1979). The precursor
resin AW2 was produced by a mixed condensation of cyclo-
hexanone (1 part) and methylcyclohexanone (3 parts). In
contrast, Keton N was a self-condensate of pure cyclohex-
(23) http://www.nike.bam.de/de/kompetenz/themen/kompetenz_themen_hinter-
glasmalerei-hgm.htm (accessed May 15, 2008).
(24) See ref 20, pp 33-34.T
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anone.4 The self-condensate Keton N seems more stable during
pyrolysis (590 and 650 °C vs 764 °C), whereas a pyrolysis
temperatures of 590 °C already leads to a good fragmentation
of the AW2 mixed condensate. However, a higher pyrolysis
temperature provokes an excessive fragmentation so that other
authors propose less temperature.19
The experimental results indicate that the samples containing
acrylate should be analyzed by pyrolysis at 590 °C, Keton N at
764 °C, and the other synthetic polymers can be analyzed at the
three tested temperatures. Then the use of a unique pyrolysis
temperature for the characterization of all the synthetic polymers
is not recommended, because the optimal pyrolysis temperature
is different in each case.
The temperature of the pyrolysis chamber was fixed to 200
°C. Despite the lower volatility of the fragments with high
molecular weight, they are introduced to the column immediately
after the pyrolysis into the column by the flow of the carrier gas
without significant loss.25
The injection was performed in splitless mode, in order to
improve the sensitivity. This allows one to reduce the as much
as possible the amount of sample taken and work with micro-
samples, which is very important in analysis in samples from
artworks.
Several temperature gradients were tested for the resolution
of the fragments. The conditions detailed in Case Studies section
in the Experimental Section were found to adequately separate
all the fragments from the different studied synthetic polymers,
using the selected capillary column.
Results on the Reference Resins. The analysis of reference
samples all yielded significant and mostly complex pyrograms.
Therefore, only the most characteristic fragments as well as the
most intense ions in their corresponding mass spectrum are
summarized in Table 1 for each resin probe. The obtained
fragments provided useful information about the structure of each
polymer and, to some extent, the presence of additives. For
identification of the resin type, fragments with a structure close
to the monomer are most characteristic. Other detected fragments
could be considered as oligomers or the result of reorganization
of some products formed during the pyrolysis. The most important
fragments in each polymeric resin group are described as follows.
Traces of the polymers have not been detected, because the
pyrolysis reached high yielding, and due to the low volatility of
the remaining polymer, the amount of polymeric trace introduced
into the chromatographic system would be under the limit of
detection.19
Addition Polymers. One of the most prominent polymers in the
art historical field are the acrylics. An unspecified “Paraloid”
sample was investigated for identification and classification. The
most abundant pyrolysis fragments were methyl acrylate and ethyl
methacrylate. These main components indicated a “Paraloid B72”
resin, an EMA/MA copolymer frequently used for retouching or
consolidation in conservation. Additionally, an antioxidant (buty-
lated hydroxytoluene, BHT) could be detected.
The acrylic-based tube paint from Golden Artist Colors, NY,
yielded the following acrylic monomers: methyl methacrylate,
butyl acrylate, and isobutyl methacrylate. The antioxidant BHT
was additionally identified. This analysis is in coherence with the
Py-GC/MS results on commercial acrylic paints discussed in depth
by Learner.22 Py-GC/MS is therefore an adequate method to
distinguish between different sorts of acrylics.
Pyrograms of two “Kraton” samples, a styrene-ethylene/
butylene-styrene (SEBS) commercial polymer, showed a high
amount of styrene, which was considered as the characteristic
fragment, as well as toluene and ethylhexene. In the sample from
Kraton G1650 and G1657, hydrocarbons were also found, probably
additives in the course of production or formed from the
ethylene-butylene block.
The pyrolysis products of the various commercial poly(vinyl
acetate)s were mainly acetic acid from the polymer side chain
and benzene formed by reorganization of the polymer backbone
after side-group elimination.9 The “Palmer Cement” sample, a
former US-American liquid retouching material with a PVAC
component equivalent to Mowilith 20,26 contained solvents (etha-
nol, acetone, methyl isobutyl ketone, toluene) that lead to further
pyrolysis products like acetophenone and benzaldehyde. Poly(vi-
nyl acetate) products differing in molecular weight and chain
length are indistinguishable by Py-GC/MS.27
Hydrogenated hydrocarbon resins have been recently intro-
duced for use in picture varnishes.28 The characteristic fragments
of the saturated hydrocarbon resin “Arcon P-90” were saturated
alkylcyclohexanes, such as methylcyclohexane, ethylcyclohexane,
1-ethyl-3-methylcyclohexane, (isopropyl)cyclohexane, and 1-ethyl-
4-methylcyclohexane, which derive from the saturated polycyclic
structure of the resin.
In the reference collection of the Doerner Institut also an early
example of hydrocarbon resins, a brown cumarone resin of
unspecified manufacturer and date, is present. It derived from
polymerization of cumarone (benzofuran) and indene. The fol-
lowing compounds of the cumarone resin were detected by Py-
GC/MS and considered as markers: benzofurane, indene, meth-
ylbenzofurane, and methylindene, the monomers of the resin.
Polycondensates and Polyadducts. The term polycondensation
(or condensation polymerization) is defined as polymerization by
a repeated condensation process (i.e., with elimination of simple
molecules). Polyaddition is the agglomeration of functional groups
to double bonds or to rings by simultaneous ring opening. In
contrast to polycondensation no low molecular weight products
emerge during polyaddition.29
The most prominent group of polycondensates are the alkyd
resins, or oil-modified polyester resins. The term “alkyd” derives
from the polyester component’s two main ingredients: a polyhydric
alcohol (also called a polyol, such as glycerol or pentaerythritol)
and a polybasic carboxylic acid (or polyacid, such as phthalic acid).
By incorporating a monobasic fatty acid, the degree of cross-
linking is significantly reduced. Often a drying oil is used as the
(25) Osete-Cortina, L. Study of Glass and Archaeological Glaze Corrosion
Processes and Characterization of Film Substances Traditionally Used in
Their Restoration. Thesis, University of Valencia, 2006.
(26) Koller, J. ; Baumer, U. Stabilita¨t und Wiederablo¨sbarkeit von Retuschen
auf Gema¨ldensEine Betrachtung aus Materialtechnischer Sicht. In Die
Kunst der Restaurierung; Scha¨dler-Saub, U., Ed.; ICOMOS Hefte des
Deutschen Nationalkomitees XXXX: Mu¨nchen, Germany, 2005; pp 233-
246.
(27) Sonoda, N.; Rioux, J. P. Stud. Conserv. 1990, 35, 189–204.
(28) De la Rie, E. R. Polymer Additives for Synthetic Low-Molecular-Weight
Varnishes. In Preprints of the 10th Triennial Meeting of the ICOM
Committee for Conservation, 1993; Vol. II, pp 566-573.
(29) Stoye, D.; Freitag, W. LackharzesChemie, Eigenschaften und Anwendungen;
Wien, Austria, 1996; pp 4-12.
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source of monobasic acids, resulting in an “oil-modified” alkyd
resin.
In the here examined alkyd resin type “Alkydharz MM” a large
amount of anhydride phthalic acid together with traces of oleic
acid, short fatty acids, and carbonyl compounds were identified.
According to precedent works,20,21,30 especially the alkyd resins
require the application of THM-GC/MS. In our case after addition
of TMAH the polyol pentaerythritol could be identified, together
with the fatty acid content (see Table 1).
Varnishes, paints, and binding media in the field of art include
some high-molecular polymers (e.g., acrylics), but the bulk of
products is based on low molecular weight condensates. Typical
examples are the cyclohexanone resins (e.g., AW2 and Keton N
resin). The pyrograms obtained by the analysis of the ketone resin
sample from AW2 showed the following characteristic fragments:
cyclohexanol, cyclohexanone, and several alkyl derivatives, which
clearly derive from a ketone polymer. The characteristic fragments
found in the Keton N resin were similar: cyclohexanone and
alkylcyclohexanones (see the Supporting Information).
Results on the phenol resins (and unknown dating) were
different: The characteristic fragments of an old red-brown,
unspecified phenol resin were a wide variety of alkylphenols (2-
methylphenol, 2,6-dimethylphenol, 2-methyl-5-isopropyl-phenol,
and 4-(1,1-dimethylethyl)-2-methylphenol). In comparison, another
brown formaldehyde-phenol resin, also of unknown date and
manufacturer, provided a larger amount of phenols (2-methylphe-
nol, 4-methylphenol, 2,2-dimethylphenol, and 2,3,5-trimethylphe-
nol).11
The most relevant fragments detected in the analysis of
“Laropal A81”, a ketone resin made by condensation of urea and
aliphatic aldehydes,31-33 were methyl-2,2-dimethyl-3-hydroxypro-
pionate, ethylbutanal, and isobutanal.
The pyrogram of the poly(vinyl butyral) “Mowital B20H”
showed the following characteristic fragments: butanal, obtained
from the thermic breakage of the polymer, and benzene, formed
by reorganization of other fragments in the same way as in
poly(vinyl acetate).
Results on Samples from Artworks. Even if good resolution
has been found for the standard synthetic resins, the samples from
artworks contain other unknown compounds which can interfere
with those from the fragments from the polymers. To avoid these
interferences, the mass spectrum is taken for all the points, and
not only at the maximum. A strong variation could indicate a
coelution.
To identify the peaks in the samples from artworks minimizing
the possibility of error, the mass spectrum of the peak in the
unknown sample is compared with all the fragments of the
standards detected at the same retention time. Then
• if no similarity is found, it was considered that any
standard fragment is present;
• if the mass spectrum is similar to one standard fragment
(the most important ions are detected at nearly the same
ratio and there is not any other intense ion), it was
assumed that the fragment is present;
• if the most important ions are present, but the proportion
is not the same and/or other intense ions were detected,
it was assumed that the searched fragment is present,
but there was a coeluting interference.
The identification of the peaks combining the mass spectrum
and the retention time would reduce the possibility of mistake.
Case Study 1: Conservation Material from the Theodosia Altar.
A soft, rubber-like material was used as modern cement on one
of the glass panels of the Theodosia altar. As an acrylic polymer
was expected, due to their wide use as restoration of glass
artworks,25 the sample was analyzed by the proposed methodology
based on Py-GC/MS at 590 °C as pyrolysis temperature. An acrylic
resin, namely, a methylmethacrylate-ethylacrylate (MMA-EA)
copolymer, together with a low amount of a phthalate plasticizer
and BHT antioxidant could be identified (see Table 2) instead of
the assumed latex, a polyisoprene. MMA-EA polymers together
with additives for stabilization are common trading products of
several distributors (e.g., Primal AC-34, Primal AC-634, Primal AC-
234 from Rohm and Haas),14 which are used as adhesives and
gluing materials.
Case Study 2: Binding Medium Analyses from a Painting by
Georg Baselitz. Two powder samples from a blue and a black part
of the unvarnished painting, each weighting ca. 0.1 mg, were taken
with a small scalpel. First, the blue sample was pyrolyzed at 590
°C, the optimal temperature for acrylic resins (see the Optimiza-
tion of the Method section). However, as ketonic markers were
in fact detected, the second, black sample was analyzed at 764
°C, the temperature found adequate for Keton N. Both pyrograms,
obtained without derivatization, are shown in Figure 1, and the
identified fragments are listed in Table 3.
No significant amount of acrylic markers was found in both
painting samples. The detection of a small amount of isobutyl
(30) Schilling, M. R.; Keeney, J.; Learner, T. Characterization of Alkyd Paints
Media by Gas Chromatography-Mass Spectrometry. In Modern Art, New
Museums, Preprints of the IIC Congress, Bilbao, Spain, 2004; Roy, A., Smith,
P., Eds.; pp 197-201.
(31) De la Rie, E. R.; Quillen Lomax, S.; Palmer, M.; Deming Glinsman, L.;
Maines, C. A. An Investigation of the Photochemical Stability of Urealdehyde
Resin Retouching Paints: Removability Tests and Colour Spectroscopy. In
Preprints of the IIC Congress, Melbourne, Australia, 2000; pp 51-59.
(32) Leonard, M.; Whitten, J.; Gamblin, R.; De la Rie, E. R. Development of a
New Material for Retouching. In Preprints of the IIC Congress, Melbourne,
Australia, 2000; pp 111-113.
(33) De la Rie, E. R.; Quillen Lomax, S.; Palmer, M.; Maines, C. A. An
Investigation of the Photochemical Stability of Films of the Urea-Aldehyde
Resins Laropal A81 and Laropal A101. In ICOM Rio de Janeiro Preprints;
Vol. II, pp 881-887.
Table 2. Pyrolysis Results of a Modern Cement from the Theodosia Altara
characteristic fragments
after pyrolysis retention time (min) most intense ions (m/z) MW (g/mol)
rubber-like gluing material (cement) MMA methylmethacrylate 3.043 69/100/41 100
EA ethylacrylate 2.785 55/99 100
DIBP diisobutylphthalate 18.286 149/223/278 278
BHT butylated hydroxytoluene 13.542 205/220 220
a Pyrolysis temperature 590 °C.
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methacrylate only in the blue sample was not sufficient to propose
the use of an acrylic resin as main binder.
Both pyrograms revealed the presence of cyclohexanone,
2-methylcyclohexanone, and 2-ethylcyclohexanone, all character-
istic fragments of cyclohexanone resins. Cyclohexanone resins
by themselves are not used as binding medium for artists’ paints
but are typical additives for alkyd resins14 or ingredients of paint
media. Furthermore, in both samples a wide range of hydrocar-
bons were detected. A series of linear alkanes with even and odd
carbon numbers were identified. This n-alkane distribution is
typical for paraffin, presumably used as additive to prevent pigment
settling in the tube paints.
However, in the blue and black sample also significant amounts
of fatty acids were found, and therefore, complementary THM-
Py-GC/MS with TMAH was carried out. After methylation the
main components of the samples, fatty acids and dicarboxylic
acids, could now be detected (Figure 2). Two fatty acids (as their
methyl derivatives) were found between 5 and 8 min, an area with
poor resolution, by their mass spectrum, including as most intense
ions 74, 87, and 55 m/z, characteristic from those compounds.
Then their specific identification was made in the basis on the
retention time, obtained by the study of standards. Finally the
fatty acids were characterized as caprylic acid (C8) at 7.236 min
and pelargonic acid (C9) at 8.405 min.
No typical components of modern alkyds (e.g., phthalic acid
or polyols like pentaerythritol) could be identified. However, by
the detection of phthalate plasticizer (DBP) (Table 3), it can be
assumed that the main binding medium of the Baselitz painting
is not a pure drying oil (like linseed oil) but is rather based on an
alkyd resin modified with cyclohexanone resins and paraffins.
CONCLUSIONS
The proposed method based on Py-GC/MS is fast and efficient
for direct analyses of commercial synthetic resins in microsize
samples. For most polymers identification of the specific resin
group can easily be achieved by marker fragments with a structure
close to the corresponding monomer(s), but further discrimination
is usually limited. Due to its high sensitivity and its high separation
power the technique allows one to deal with complex materials
Figure 1. (a) Pyrogram (total ion current, TIC) at 590 °C without
derivatization of the blue sample from the Baselitz painting. Charac-
teristic compounds are labeled (see also Table 3). Abbreviations: BMA
) butylmethacrylate, FA ) fatty acids, BHT ) butylated hydroxytolu-
ene, A ) alkanes, DBP ) dibutylphthalate. (b) Pyrogram (TIC) at
764 °C without derivatization of the black Baselitz paint sample.
Table 3. Pyrolysis Results of the Dark Blue and Black
Paint Sample from “Senta” by Georg Baselitza
fragments
retention
time (min)
MS fragments
(m/z)
MW
(g/mol)
Dark Blue Paint: Py-GC/MS
hexanal 3.603 56/44/72 100
cyclohexanone 4.900 55/98/42 98
BMA butylmethacrylate 5.942 69/87/56 142
methylcyclohexanone 6.402 55/68/112 112
FAC8 octanoic acid 9.235 60/73/101 144
AC15 pentadecane 13.354 57/71/85 212
BHT butylated hydroxytoluene 13.542 205/220 220
DBP dibutylphthalate 18.485 149/223/205 278
AC23 triacosane 21.226 57/71/85 324
AC24 tetracosane 22.036 57/71/85 338
AC25 pentacosane 22.816 57/71/85 352
Dark Blue Paint: THM-GC/MS
glycerol 4.655 45/58/75/89 102
FAC7 heptanoic acid ME 6.145 74/87/143 144
FAC8 octanoic acid ME 7.236 74/87/55 158
FAC9 nonanoic acid ME 8.405 74/87/55 172
oxo-FAC8 methoxy-octanoic acid ME 9.785 45/74/124 188
DAC8 suberic acid DME 10.695 74/129/138 202
DAC9 azelaic acid DME 11.623 55/74/152 216
FAC16 palmitic acid ME 14.675 74/87/143 270
FAC18-1 oleic acid ME 15.995 55/69/83 296
FAC18 stearic acid ME 16.185 74/87/143 298
Black Paint: Py-GC/MS
hexanal 3.603 56/44/72 100
cyclohexanone 4.900 55/98/42 98
methylcyclohexanone 6.402 55/68/112 112
FAC8 octanoic acid 9.235 60/73/101 144
FAC9 nonanoic acid 8.405 60/73/115 158
AC15 pentadecane 13.354 57/71/85 212
FAC16 18.334 73/60/129 256
FAC18-1 19.901 55/69/83/97 282
FAC18 20.129 73/60/129 284
AC23 triacosane 21.226 57/71/85 324
AC24 tetracosane 22.036 57/71/85 338
AC25 pentacosane 22.816 57/71/85 352
AC26 hexacosane 23.561 57/71/85 366
AC27 heptacosane 24.281 57/71/85 380
Black Paint: THM-GC/MS
FAC8 octanoic acid ME 7.236 74/87/55 158
FAC9 nonanoic acid ME 8.405 74/87/55 172
oxo-FAC8 methoxy-octanoic acid ME 9.785 45/74/124 188
DAC8 suberic acid DME 10.695 74/129/138 202
DAC9 azelaic acid DME 11.623 55/74/152 216
FAC16 palmitic acid ME 14.675 74/87/143 270
FAC18 stearic acid ME 16.185 74/87/143 298
a The table contains the resulting fragments with Py-GC/MS and
THM-GC/MS.
Figure 2. Pyrogram (total ion current, TIC) at 590 °C after THM-
GC/MS of the blue Baselitz paint sample. All dicarboxylic acids (DA)
and fatty acids (FA) are here detected as methyl esters.
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and mixtures, which is highly interesting for analyses involving
samples from art, archeology, and conservation.
Applying the developed methodology, the modern rubber-like
gluing material on a medieval reverse glass altar could easily be
identified as MMA-EA copolymer without further sample treat-
ment. In contrast, the pyrograms obtained from samples of a
painting by Georg Baselitz give a good example for the possible
complexity of paint samples: Instead of the expected acrylic
markers, the measurements hinted toward an alkyd paint with
several additives such as ketone resin, paraffin, and plasticizers.
In these paint samples THM-Py-GC/MS was necessary for
identification of the binding media. Therefore, a combination of
different techniques (Py-GC/MS and THM-Py-GC/MS) is recom-
mended for complex paint samples.
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